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Abstract 
Twenty Angus steers were fed a diet low in β-carotene and vitamin A for 10 
months. Ten steers were supplemented with vitamin A weekly, while the other ten steers 
did not receive any additional vitamin A. The results demonstrated that the restriction of 
vitamin A intake increased intramuscular fat (IMF) by 46%. This was a function of the 
total number of marbling flecks increasing by 22% and the average marbling fleck size 
increasing by 14%. Vitamin A restriction resulted in marbling flecks that were less 
branched (22%) and slightly more round (4%) with an increased minor axis length (7%). 
However, restricting vitamin A did not affect the size of the intramuscular or 
subcutaneous adipocyte cells or the subcutaneous fat depth. The results suggest that 
vitamin A affects the amount of marbling and other attributes of the marbling flecks due 
to hyperplasia rather than hypertrophy. This may explain why vitamin A restriction 
specifically affects IMF rather than subcutaneous fat deposition. 
Keywords: cattle; beef; intramuscular fat; adipocytes; computer image analysis; retinoids 
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1.0 Introduction 
Marbling of meat is an important parameter in assessing beef quality as it 
increases the commercial value of carcasses in markets that pay a premium for eating 
quality (Dodson et al., 2010; Hart, 2001; Matsuishi et al., 2001). Marbling is defined as 
the appearance of white flecks or streaks of fatty tissue located between the muscle fibers 
(Harper & Pethick, 2001). Consumers prefer small evenly distributed marbling flecks, 
presumably because this increases tenderness (Nishimura, Hattori, & Takahashi, 1999). 
Professional graders designate subjective marbling scores based on the distribution 
density of fat in the rib-eye region using standard grading images (Shiranita, Hayashi, 
Otsubo, Miyajima, & Takiyama, 2000). Other objective measurements of marbling based 
on computer image analysis have been also developed (Albrecht, Wegner, & Ender, 
1996; Du, Sun, Jackman, & Allen, 2008; Gerrard, Gao, & Tan, 1996; Kuchida et al., 
2000; Shiranita, Otsubo, Miyajima, & Takiyama, 2000; Toraichi et al., 2002; Yoshikawa 
et al., 2000; reviewed by Cheng, Cheng, Sun and Pu, 2015). However, computer image 
analysis is inevitably subject to various factors that affect the precision of the 
measurements, including the image quality being affected by light reflection or 
unevenness of exposure to light sources (Yoshikawa et al., 2000).  
Marbling develops either by an increase in adipocyte number (hyperplasia), an 
increase in adipocyte volume (hypertrophy) or a combination of both processes (Cianzio, 
Topel, Whitehurst, Beitz, & Self, 1985). It is well documented that certain cattle breeds 
have a predisposition to deposit marbling fat better than other breeds (Albrecht, Teuscher, 
Ender, & Wegner, 2006; Gregory, Cundiff, Koch, Dikeman, & Koohmaraie, 1994; 
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Hocquette et al., 2010; Malau-Aduli, Edriss, Siebert, Bottema, & Pitchford, 2000; 
Wheeler, Cundiff, Shackelford, & Koohmaraie, 2010).  
Some dietary nutrients can also influence the appearance of marbling. For 
example, it has been found that vitamin A, provided as a supplement, is negatively 
correlated with marbling in Wagyu (Oka, Maruo, Miki, Yamasaki, & Saito, 1998), 
Limousin x Luxi crosses (Wang, Wang, Gong, Wang & Tan, 2007), Holstein 
(Gorocica-Buenfil, Fluharty, Reynolds, & Loerch. 2007) and Angus cattle (Kruk et al., 
2008). However, vitamin A restriction in cattle does not appear to affect subcutaneous fat 
(Gorocica-Buenfil, Fluharty, Reynolds, & Loerch 2007; Kruk et al., 2008; Oka, Maruo, 
Miki, Yamasaki, & Saito, 1998). Although vitamin A is known to affect adipose 
hyperplasia and adipocyte differentiation (Berry, DeSantis, Soltanian, Croniger, & Noy, 
2012; Bonet, Ribot, Felipe, & Palou, 2003; Bonet, Ribot & Palou, 2011; Kawada et al., 
2000; Ohyama et al., 1998; Schwarz, Reginato, Shao, Krakow, & Lazar, 1997; Wang, et al., 
2016; Xue, Schwarz, Chawla , & Lazar, 1996), the unique effect of vitamin A on 
intramuscular fat is not understood, and there are limited reports regarding the effects of 
vitamin A on marbling attributes. Therefore, the aim of this study was to (i) develop 
software that would improve the computer image analysis of marbling measurements, (ii) 
describe new parameters that would better define marbling fleck attributes, and (iii) 
investigate the effects of dietary vitamin A in cattle on these marbling fleck parameters 
and adipocyte cells.  
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2.0 Materials and Methods 
2.1. Experimental Design 
Twenty, 12 month old Angus steers were allocated to two treatment groups, 
vitamin A supplemented (A+) and vitamin A non-supplemented (A-), and were fed for 10 
months in feedlot on a standard ration, containing 75% grain (Kruk et al., 2008). The 
steers were kept in one pen and each week, the supplemented (A+) group was taken to an 
adjacent pen and given the equivalent of 60,000 IU retinyl palmitate/100kg/day. Every 
week, all animals were weighed and blood sampled to assess vitamin A deficiency. Steers 
were scanned by ultrasound for marbling and fat depth approximately every 50 days. In 
addition to measuring the vitamin A blood levels fortnightly to detect any deficiency, 
clinical assessment for vitamin A deficiency was performed on a daily basis and 
characteristics such as animal appetite, coat roughness, vision (night blindness), joint 
inflammation and general behaviour were noted. Growth and general carcass data for 
these animals have been published previously (Kruk et al, 2008). Animal ethics approval 
for the trial and procedures was obtained from all the institutional animal ethics 
committees.  
 
2.2. Sample collection and preparation for computer image analysis 
The striploins, quartered at the 12th -13th rib including the longissimus thoracis et 
lumborum muscle, were collected in the boning room of the abattoir one day after 
slaughter. The striploins were trimmed of subcutaneous fat to 3 mm thickness according 
to the abattoir specifications, vacuum packed and stored frozen at –20°C for further 
processing.  
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To examine repeatability for each animal, 25 consecutive steaks of 4 mm width 
were cut sequentially from the head end of every striploin using an electric meat saw 
(Westeels, Westcott Mazell Engineering & Steel Limited, Sydney NSW, Australia, 
Model M3). The slices were cleaned with absolute ethanol to remove any small particles 
produced during the cutting process and to maintain a good quality meat slice by 
preventing the formation of ice crystals on the meat surface during storage in the freezer. 
Every slice was coded, individually packed in aluminium foil and stored in a freezer 
(–20°C) for photography. 
 
2.3. Image acquisition and editing 
A photographic chamber was constructed from a white polystyrene box (49.30 cm 
x 35.10 cm x 31.50 cm), with two tungsten lamps (Claudfar tungsten lamp, 230V, 150W) 
situated horizontally in the two opposite walls of the box and a camera (Canon PowerShot 
A75) mounted in the top. Inside the chamber, a green laminated paper sheet (28 x 42.25 
cm) was positioned as the background with a metric ruler aligned at the base. 
Photographs were taken for the highest quality (e.g. super fine settings) on automatic 
mode. The output image resolution was 75 pixels/cm (i.e., 133 m/pixel) and had an 
image dimension of 2048 x 1536 pixels, producing JPEG files of approximate 1.00 MB 
size. The images were then edited using Adobe Photoshop® 7.0. The rib eye area was 
traced manually and together with 2 cm of the ruler in the image were selected, copied 
and placed in a new file, on a consistent and uniform green background (Pantone 457 
CVC or an RGB of R=171, G=160 and B = 10). The final edited image consisted of three 
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components: muscle area, background and the calibration ruler, which were merged to 
form one image. 
 
2.4. Image segmentation, threshold setting and marbling fleck definitions 
The images were further processed in MATLAB 7.0, a scientific computing 
package that facilitates development of customised software for analysis and display of 
data. The original colour images were mapped to grey-scale images with intensities in the 
range 0 to 255 based on luminance. A digital high-pass filter was used to remove glare 
and produce a “flattened” version of the image (Figure 1). The high-pass filter consisted 
of a central spike of value 1 and the ring of pixels at distance R from the central spike with 
value A. The number A was chosen so that the sum of all the filter elements was zero. The 
action of the filter on the image was to subtract the average image intensity from each 
pixel; the average image intensity was computed on a ring of radius R centered on the 
particular pixel. The filter was implemented with radius R=12 resulting in flattened 
images. The range of intensities for the flattened images varied between samples but 
generally was in the range -90 to 110. A threshold of intensity level T=10 was applied to 
the flattened image to produce a binary image showing the marbling flecks in white and 
all other components of the image as black. The radius of the high-pass filter, R and the 
threshold T were determined empirically. Each connected set of white pixels in the binary 
image was considered to represent a single marbling fleck where a connected set denotes 
pixels sharing a common edge or a common vertex.  
Insert Figure 1 near here 
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From each slice, three preliminary traits were recorded to summarise the marbling 
pattern: (i) the number of flecks in the slice, (ii) the geometric centre of the fleck relative 
to the geometric centre of the slice allowing a division of flecks into each of the four 
quarters of the slice with x- and y-coordinates as follows: (+; +), (+; -), (-; -), (-; +) 
respectively, and (iii) the size of each fleck computed as the number of pixels comprising 
the fleck. In addition, a number of secondary traits (fleck parameters) were computed 
(Table 1).  
Insert Table 1 near here 
The fleck traits depended strongly on the minimum and maximum sizes of flecks 
used to compute the trait. Uncertainty regarding the proper minimum fleck size stemmed 
from the fact that it was not possible to determine if very small white regions in the binary 
steak image represented actual marbling flecks or artefacts of the processing steps. 
Uncertainty regarding very large flecks stemmed from the poss ibility that a very small 
number of exceptionally large flecks (outliers) could dominate and skew the general fleck 
statistics. Accordingly, the fleck parameters were computed many times using different 
minimum and maximum fleck sizes. Additionally, AUS-MEAT marbling grading chips 
were analysed and it was determined that flecks over 20 pixels in size were perceived by 
the graders as marbling. Therefore, only flecks over 20 pixels in size were analysed. 
 
2.5. Intramuscular fat extraction (IMF) 
Intramuscular fat percentage (IMF%) was determined using a solvent chemical 
extraction method as described by Christie (1989) with modifications described by 
Siebert et al. (2006).  
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2.6. Detection and quantification of vitamin A and β-carotene  
 Vitamin A (retinol) and β-carotene in the blood and liver and total retinoids in the 
liver were measured using spectrophotometric and high performance liquid 
chromatographic (HPLC) techniques as described by Yang, Larsen, & Tume (1992) with 
the modifications described in Kruk, et al (2008).  
 
2.7. Adipocyte assessment 
To measure the number and size of the cells, IMF and subcutaneous adipocytes 
were liberated using a modified protocol based on the collagenase digestion method as 
described by Smith, Sjostrom, & Bjorntorp (1972). At the end of collagenase incubation 
when the adipocytes were almost completely freed, two aliquots of the suspension were 
immediately placed in a haemocytometer chamber, the slide was focused on the grid and 
cells in all squares were counted (magnification of 200X). Aliquots of the gently stirred 
adipocyte suspension after collagenase digestion were placed on a glass slide and 
examined with a microscope (Olympus BH-2 with CMA-D1CE Sony camera adapter, 
Japan). The microscope was equipped with a CCD Sony video camera and monitor 
attached, and the diameter of 100 randomly chosen cells was measured on the calibrated 
screen (magnification of 670X). The results were expressed as number of cells/g of fat. 
An image analysis method was also used to assess the size of cells in marbling 
flecks. A steak of 1cm thickness was cut from a frozen longissimus thoracis et lamborum 
slice and five sub-samples (approx 1x1cm) were cut from the steak for sectioning. The 
muscle samples were embedded in OCT compound and frozen in a cold isopentane bath 
in liquid nitrogen. Samples were sectioned at 10µm using a Reichert-Jung 2800 Frigocut 
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E cryostat (cabinet temperature, -25C; object temperature, -18C). The intramuscular 
adipose tissue was stained with Oil Red O and counterstained with Lillee Mayer’s 
haematoxylin. The sections were then immediately mounted in Kaiser’s glycerine jelly 
and cover-slipped. In order to measure adipocyte cell size and number, image analysis 
using the software Video Pro was employed. Using a microscope (Olympus BH-2; 20X 
objective) and an adjoining video camera (Panasonic colour camera CCTV 
WV-CL700/A with a MTV projector lens 2.5X), images of the sections could be 
projected onto a computer monitor screen.  
Areas within the section were chosen by random selection and saved as a screen 
shot. All fat cells within a given screen shot were traced and measured using an 
automated calculation of their area (m2). Cells that had a well-defined intact cell 
membrane and stained with Oil Red O were classified as adipocytes. After all the cells 
within the screen shot were measured, the method was repeated until 50 cells per sample 
were measured. It was determined that 50 cells per sample gave good repeatability among 
the samples of the same animal. The method was repeated for all 5 slides, giving a total of 
250 cells measured per animal. 
 
2.9. Statistical analyses 
Two models were used to analyse the data herein. For traits that had a single value 
per animal, least squares analysis of variance was carried out using Proc GLM (SAS 
1989). The model included treatment (vitamin A vs. no vitamin A) and day 0 fitted as a 
covariate. No significant effects were observed when day 0 was fitted as a covariate and 
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therefore, a simple t-test comparison between the treatment groups was used. Residual 
correlations were calculated in Excel.  
 
For the image analysis traits measured on 25 slices per animal, it was important to 
account for multiple measurements per animal and for the correlation between slices. 
This was done by fitting a linear mixed model in ASREML (Gilmour et al., 2006). The 
model included the fixed effect of treatment (vitamin A vs. no vitamin A), a random 
effect of animal (20 animals), and a correlation structure across slices. It is common in 
crop trial analysis to model spatial effects using an autoregressive (AR) structure 
(Gilmour et al., 1997). The autoregressive 1 (AR1) imposes a correlation structure 
between slices where the correlation between slides is rn where r is the correlation and n is 
the number of slices between the slices of interest. This implies the correlation between a 
slice and itself is r0=1, between neighbouring slices is r1=r, between slices 2 apart r2, etc. 
The structure is fixed and it is the r value which is estimated. For the analysis herein, for 
some traits the r value could not be estimated, presumably because it was so close to 1. 
Lastly, repeatability values were calculated as the proportion (%) of variation between the 
500 slices (20 animals x 25 slices) that was due to variation between the 20 animals rather 
than between the slice variation within an animal. 
 
3.0 Results 
The supplementation of the diet with vitamin A affected the levels of retinoids in 
the blood and liver of the Angus steers (Table 2). The steers fed the diet supplemented 
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with retinyl palmitate had significantly higher levels of retinol and retinoids in the blood 
plasma and in the liver at slaughter (Kruk et al., 2008).  
Insert Table 2 near here 
In general, the supplementation or restriction of vitamin A did not affect the 
growth or carcass traits of the animals with the exception of the intramuscular fat 
percentage (Kruk et al., 2008). Supplementation with vitamin A reduced significantly the 
intramuscular fat percentage (IMF %) and tended to have a negative effect on marbling 
(Table 2). Steers fed higher levels of vitamin A had smaller rib eye area (EMA) but there 
were no significant effects on other carcass characteristics (such as rib fat depth) or meat 
quality traits (such as tenderness). 
 
3.1 Vitamin A and marbling fleck parameters and localisation 
For each animal, 25 consecutive steaks of 4 mm width were sliced from the L. 
dorsi and photographed, and the images analysed for various marbling parameters. The 
percent of intramuscular fat based on these images was positively correlated with the 
intramuscular fat content measured by chemical extraction and the marble score (Table 3). 
The IMF% estimated based on the computer image analyses was more highly correlated 
with the visual marble score than the chemically measured IMF%. The eye muscle area 
from these images was not correlated with IMF% measured by either computer image 
analysis or chemical extraction. 
Insert Table 3 near here 
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A number of other marbling fleck parameters were also measured using the 
images from the 25 steaks of each animal (Table 4).  The correlations between 
neighboring slices from a given animal were strong (r > 0.987) for all these marbling 
parameters, although only the eye muscle area was highly repeatable (91%) across all the 
slices. The maximum repeatability among the other traits was 63% for average 
orientation. 
Insert Table 4 near here 
Based on the analysis of the 25 images for each animal, d ietary supplementation 
with vitamin A had a significant effect on a number of marbling fleck parameters in the 
Angus steers (Table 4). The lack of vitamin A supplementation significantly increased the 
total number of flecks by 22% and the average fleck area by 14% (Table 4). This 
corresponded to a large 46% increase in IMF%, from 12.3% to 18.0% (P = 0.002).  
Vitamin A restriction also significantly affected the shape of the flecks though to a 
lesser degree (Table 4). Vitamin A restriction resulted in wider flecks that were rounder 
(4%) with a longer minor axis (7%). However, the major axis of the flecks did not vary. 
Notably, the flecks from animals on the restricted vitamin A diets were also much less 
irregular or branched (22%) than the flecks from animals supplemented with vitamin A.  
 The location of flecks within the steak, as estimated by mean x- and y-coordinates, 
did not differ between the treatment groups (Table 4). The mean coordinates for both 
groups were located ventrally in the 3rd quarter of the steak. The flecks were oriented 
similarly as the angle (°) between the average fleck major axis and the horizontal axis of 
the steak measured in a clockwise direction was not significantly different between the 
treatment groups (P=0.093). 
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3.2 Marbling fleck parameters correlations 
Numerous significant correlations were found between the various marbling 
parameters determined by computer image analysis (Table 5). Positive correlations with 
IMF% were found for fleck area and fleck number per cm2. In particular, IMF% 
estimated by computer image analysis was highly related to the number o f flecks (r = 
0.88). 
Insert Table 5 near here 
Several other marbling fleck parameters were highly correlated with each other 
(Table 5). The number of flecks was also strongly negatively correlated with eccentricity 
(r = -0.79) and elliptical irregularity (r = -0.85), indicating that as the number of flecks 
increased, the flecks were rounder and less branched. Fleck area was not strongly 
correlated with eccentricity or elliptical irregularity. Fleck area was more correlated with 
fleck width (r = 0.93) than fleck length (r = 0.69). Fleck location in terms of x- and 
y-coordinates or average orientation was not correlated with any of the other parameters.  
 
3.3 Vitamin A and adipose cells 
Vitamin A supplementation did not affect the number of adipose cells when the 
cells were freed from the matrix using collagenase treatment and their number was 
determined per gram of fat tissue. This was demonstrated in both subcutaneous and 
intramuscular adipocytes in spite of the fact that there were more adipocytes per gram of 
tissue in the intramuscular fat (Table 6). Also the mean cell size and cell size distribution 
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was not affected by the vitamin A treatment (Figures 2 and 3). Subcutaneous adipocytes 
were larger than their intramuscular counterparts, however, they did not differ 
significantly in size between the treatment groups. The only effect of vitamin A on 
adipose cellularity was to alter the number of fat cells per IMF fleck (P=0.037). Steers fed 
diets supplemented with vitamin A had fewer cells per marbling fleck compared to the 
steers not supplemented with vitamin A (Table 6).  
Insert Table 6 near here 
Insert Figures 2 and 3 near here 
 
4.0 Discussion 
Beef marbling evaluation is based on the content of fat and the distribution of fat 
particles (Cheng, Cheng, Sun, & Du, 2015; Yoshikawa et al., 2000). Consumers in Asian 
markets prefer meat with abundant marbling consisting of small and evenly distributed 
fat flecks (Motoyama, Sasaki, & Watanabe 2016). Marbling grading techniques are 
largely determined by the subjective experience of the graders who decide their grades by 
using standardized marbling images to estimate the percentage of fat in the EMA, the 
number of fat regions plus the quantity and distribution of fat (Shiranita, Hayashi, 
Otsubo, Miyajima, & Takiyama, 2000). Computer image analysis is a useful tool that 
provides an objective description of marbling, but it is subject to the various factors that 
can affect the quality of the images.  
Computer image analysis requires algorithms that are robust, simple and precisely 
determine the regional segmentation of the image (Du, Sun, Jackman, & Allen, 2008; 
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Kuchida et al., 2000; Yoshikawa et al., 2000). Albrecht et al. (1996) and others have 
developed computer image analysis techniques that allow parameters to be measured that 
represent the essential characteristics of marbling (Cheng, Cheng, Sun & Du, 2015; 
Ferguson, 2004; Shiranita, Hayashi, Otsubo, Miyajima, & Takiyama, 2000). For the 
study herein, a photographic light box was constructed to control lightning conditions and 
provide consistent images. In addition, software was developed to “flatten” the images. 
This means that local variation in background was removed before determining the 
intensity of objects (such as candidate flecks) in the image. New marbling parameters 
were also developed to extend the description of marbling attributes (Table 1). To better 
describe the shape of the flecks, eccentricity (that is, the ratio of the major axis length to 
the minor axis length of the best fitting ellipse) was introduced. Herein, eccentricity 
varied from 1 (round) to 11 (very long and narrow), demonstrating a broad range of fleck 
elliptical shapes that comprise marbling. The relative deviation from ideal ellipse, called 
elliptical irregularity herein, was developed to describe any irregularities in fleck shape 
and the degree of fleck branching, and ranged from 14% (closer to ideal ellipse with 
fewer irregularities) to 29% (more highly branched or irregular). The x- and 
y-coordinates based on the horizontal and vertical components of the centre of the best 
fitted ellipse, respectively, were used to describe the distribution of the flecks within each 
steak. Determining the orientation of each fleck provided new information about the 
angle in which flecks are aligned within the steak. These fleck parameters and those 
parameters previously described by other authors (Albrecht, Wegner & Ender, 1996) 
were associated with IMF% herein (Table 5) and were influenced by vitamin A 
supplementation (Table 4).  
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 Beef marbling was correlated with intramuscular fat content measured by 
chemical extraction and by computer image analysis (Table 3). The correlations between 
IMF% and the US and MSA marbling scores were high and significant and within the 
range of correlation reported in other studies (Gerrrad, Gao, & Tan, 1996; Kruk, 
Pitchford, Siebert, Deland & Bottema, 2002; Maeda, Grose, Kato, & Kuchida, 2014). As 
noted previously (Cheng, Cheng, Sun & Du, 2015; Pena, Molina, Aviles, Juarez & 
Horcada, 2013), the correlations between visual MSA marbling score and IMF% assessed 
by computer image analysis were stronger than the correlations for IMF% assessed by 
chemical extraction. This suggests that the imaging provides a more precise estimate of 
visual marbling. Presumably the computer image analysis is more similar to the 
subjective scoring of marbling because these methods do not distinguish the connective 
tissue from the IMF (Pipek, Jelenikova & Sarnovsky, 2004) or because these methods are 
both based on area rather than weight (Pena, Molina, Aviles, Juarez & Horcada, 2013). In 
either case, both computer image analysis and marble scores appear to over-estimate the 
true amount of intramuscular fat. 
 Based on the IMF% and eye muscle area calculated from the computer image 
analysis, vitamin A restriction greatly increased the amount of intramuscular fat but did 
not affect the muscle size. It appears that the effect of vitamin A restriction on IMF is to 
increase the number and size of the marbling flecks. However, the size or density of the 
IMF adipocytes per gram was not affected. Instead the size of flecks increased as the 
number of adipocytes per fleck increased. This implies that hyperplasia rather than 
hypertrophy is occurring with new pre-adipocyte stem cells being recruited to undergo 
differentiation rather than the mature IMF adipocytes increasing their lipid content. 
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 It has been suggested previously that vitamin A reduction stimulates hyperplasia  
in intramuscular fat (Gorocica-Buenfil, Fluharty, Reynolds & Loerch, 2007; Oka, Maruo, 
Miki, Yamasaki, & Saito, 1998; Pickworth, Loerch, & Fluharty, 2012; Torii, Matsui & 
Yano, 1996). There is evidence that hyperplasia can occur even after 14 months of age in 
feedlot animals (May, Savell, Wilson, Laurenz,, & Smith, 1994). The steers herein were 
12 to 24 months of age when supplemented with vitamin A or restricted.  
Several other studies have also indicated that for the development of 
intramuscular fat in cattle, hyperplasia is more important than hypertrophy (Albrecht, 
Teuscher, Ender, & Wegner, 2006; Gotoh et al., 2009; Kern, Pritchard, Blair, Scramlin, & 
Underwood, 2014; Yang, Albrecht, Ender, Zhao, & Wegner, 2006). On the other hand, 
other adipose depots, such as subcutaneous fat, appear to increase by hypertrophy as the 
animal ages (Cianzio, Topel, Whitehurst, Beitz, & Self, 1985; Schoonmaker, Fluharty, & 
Loerch, 2004). Given that vitamin A affects adipocyte differentiation rather than 
influencing lipid accumulation per se (Berry, DeSantis, Soltanian, Croniger , & Noy, 2012), 
this provides an explanation for the observation that vitamin A restriction specifically 
increases IMF deposition but not subcutaneous fat deposition. 
 In addition, vitamin A supplementation did not affect adipocyte cell number or the 
mean cell size for either the subcutaneous or intramuscular fat (Table 5). These results are 
in agreement with Gorocica-Buenfil et al. (2007) for subcutaneous adipose tissue. 
However, the intramuscular adipocyte cell density and size in their experiment decreased 
in the vitamin A supplemented animals. Based on this observation, they concluded that 
dietary management of vitamin A could be used to improve marbling without affecting 
subcutaneous fat depots. A similar conclusion, which was based not on adipose 
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cellularity but on P8 fat depth, rib fat depth, marbling score and IMF%, was reached by 
Kruk et al. (2008), who suggested that marbling, subcutaneous fat depth and other carcass 
traits are not invariably related.  
The shape of the flecks was affected by vitamin A in this study. The minor axis of 
the flecks was significantly different between the two diets. Both groups of steers had 
flecks with eccentricity ranging from 1 (round) to 11 (very long and narrow). However, 
the reduction of vitamin A increased the number of flecks in the lower eccentricity 
classes, indicating that the flecks were rounder in comparison with the vitamin A 
supplemented group. These results suggest that the fleck size increases by the deposition 
of more fat cells along the minor axis, creating more rounded flecks and again supporting 
the conclusion that vitamin A is specifically affecting hyperplasia of IMF. The amount of 
irregularity in the flecks was presumably less with vitamin A restriction because the 
flecks became more round and less branched with this fat deposition on the minor axis. It 
was also noted by Albrecht et al. (2006) that newer smaller marbling flecks tend to be 
rounder. 
Faucitano et al. (2005) suggested that the proportion of the three largest fleck 
areas can be considered as a complementary trait to indicate the fineness of marbling in 
pigs. In the present study, this parameter did not distinguished the vitamin A treatment 
groups (P=0.65), however, the correlation with intramuscular fat content was moderately 
negative (r = -0.59), unlike the study of Yang et al. (2006) in which no correlation was 
observed. Overall, the flecks in the Angus steers herein were larger in both treatment 
groups than the flecks in Belgian Blue, German Angus, Galloway and Friesian reported 
by Albrecht et al. (1996) but smaller than reported in Waygu by Gotoh et al. (2009). 
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There did not appear to be any difference in the location or orientation of the 
marbling flecks in the steak with vitamin A restriction. However, Yang et al. (2006) 
found that there were differences between some marbling flecks based on their location. 
The ventral marbling flecks had 5-fold greater fleck area, 4- fold more adipocytes and the 
adipocytes were larger. Although the intramuscular adipocytes and flecks were not 
assessed for their size versus location within the steak herein, the means of the x- and 
y-coordinates for the flecks were in the ventral location.  
The location of the flecks is of interest in terms of “marbling quality”. The  
number of flecks gives an important indication of the “quality of marbling”, as better 
marbling has more areas of fat (Motoyama, Sasaki, & Watanabe, 2016). However, better 
quality marbling is also characterized by smaller marbling flecks that are evenly 
distributed throughout the steak (Ferguson 2004; Motoyama, Sasaki, & Watanabe, 2016). 
Vitamin A restriction raised the marbling fleck number per cm2 by 22% (P=0.042), but 
also increase the size of the flecks by 14% (P=0.018). There was no change in the 
marbling fleck distribution. So while restricting vitamin A in the diet did not improve the 
quality of marbling in terms of producing smaller, more evenly distributed marbling 
flecks, the effect was better than just increasing the size of pre-existing flecks. 
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5.0 Conclusions 
 This study proved that restriction of dietary vitamin A not only increases 
intramuscular fat percentage and marbling but also affects various marbling parameters. 
This was evident from the computer image analyses, which demonstrated an increase in 
the IMF%, number of marbling flecks per area, and average marbling fleck size when 
vitamin A was limited. Moreover, less available vitamin A affected the marbling fleck 
shape as the flecks were more round with less branching. The results clearly show that 
vitamin A influences not only marbling quantity but also marbling attributes, most likely 
as a result of increasing intramuscular adipocyte hyperplasia. From a scientific 
standpoint, the specific effects of vitamin A on marbling provide a better understanding 
of intramuscular fat deposition in cattle. From a commercial standpoint, however, the 
manipulation of vitamin A levels to the extremes utilized herein is not economically 
viable because of the strict daily monitoring of individual animals that is required to avoid 
vitamin A deficiency and related health issues. 
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Table 1. Description of marbling parameters. 
Two dimensional image parameters Description of parameter 
Area  
Area of fleck (number of pixels converted to 
mm2); describes fleck size 
Length of major axis (centre to 
apogee) 
Length of the major axis of the best fitting ellipse 
(number of pixels converted to mm); describes 
fleck length 
Length of minor axis (centre to 
apogee) 
Length of the minor axis of the best fitting ellipse 
(number of pixels converted to mm); describes 
fleck width 
Eccentricity 
Ratio of lengths of major axis and minor axis of 
the best fitting ellipse; describes fleck roundness 
Elliptical irregularity (deviation 
from ideal ellipse) 
Percentage of fleck pixels with centres outside the 
best fitting ellipse; describes fleck branching  
X- coordinate of centroid 
Horizontal component of the centroid of the fleck 
with respect to the centroid of the slice; describes 
fleck location in steak 
Y-coordinate of centroid 
Vertical component of the centroid of the fleck 
with respect to the centroid of the slice; describes 
fleck location in steak 
Orientation 
Angle (°) of the major axis of the best fitting 
ellipse measured from the horizontal axis in the 
counter clockwise direction (between –90 and 
+90°); describes fleck orientation in steak 
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Table 2. Effects of vitamin A on carcass traits and retinol concentration: trait means. 
Traita A- A+ SEM (±) P-value 
Blood retinol level 
(HPLC) (μg/ml) 
0.095 0.144 0.013 0.0186 
Liver retinol level 
(HPLC) (μg/g) 
14.11 225.32 16.69 0.0001 
Liver retinoid level 
(spec) (μg/g) 
18.27 248.12 14.95 0.0001 
Liver β-carotene (μg/g) 0.05 0.50 0.07 0.0001 
IMF% 12.96 9.60 0.68 0.0026 
MSA marble score 617 531 34.4 0.0941 
HSCW (kg) 380 386 7.30 0.5409 
EMA (cm2) 77.1 67.6 2.80 0.0276 
Rib fat (mm) 19.9 20.4 1.21 0.7734 
Tenderness (KgF) 3.98 3.99 0.23 0.8672 
a HSCW = hot standard carcass weight, Rib fat = thickness assessed in the chiller, IMF% 
= intramuscular fat percentage based on chemical extraction, EMA = eye muscle area, 
Tenderness = Warner-Bratzler instrumental analysis, Liver retinol (HPLC) = retinol 
concentration per gram of tissue as measured by HPLC, Liver retinoid level (spec) = total 
retinoid concentration per gram of tissue as measured by spectrophotometry, Liver 
β-carotene = concentration of β-carotene per gram of tissue, Blood retinol level (HPLC) = 
retinol concentration in blood at slaughter (HPLC), MSA marble score = Australian 
equivalent to USA marble score. A- = trait means for group of 10 steers that were not 
supplemented with vitamin A. A+ = trait means for group of 10 steers that were 
supplemented with vitamin A.  
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Table 3. Residual correlations between meat traits. 
Traita 
EMA 
(cm2, carcass) 
EMA 
(cm2, image) 
IMF % 
(chemical) 
IMF % 
(image) 
EMA 
(cm2, carcass) 
    
EMA 
(cm2, image) 
0.58*    
IMF % 
(chemical) 
-0.28 0.06   
IMF % (image) 0.14 0.01 0.60*  
MSA marble 
score 
0.02 0.01 0.69* 0.92* 
a EMA (carcass) = eye muscle area measured based on abattoir eye muscle photograph; 
EMA (image) = eye muscle area measured based on computer image analysis of 25 
steaks/animal; IMF % (chemical) = intramuscular fat content based on chemical 
extraction; IMF % (image) = intramuscular fat content based on computer image analysis 
of 25 steaks/animal.  
*Correlations based on measurements from all animals with |r| > 0.45 are considered 
significant (P < 0.05). 
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Table 4. Effects of vitamin A on marbling flecks: parameter means. 
Marbling parametera A- A+ SEM (±) P-value 
Repeatability 
(%) 
Slice 
correlationc 
EMA (cm2, image) 62.1 59.9 2.6 0.219 91 0.979 
IMF (%, image) 18.0 12.3 3.8 0.002 54 0.987 
Number of flecks/cm2 2.20 1.81 0.41 0.042 59 0.995 
Average fleck area (mm2) 8.05 7.08 1.51 0.018 22 0.991 
Elliptical irregularity (%)b 22.7 29.2 2.0 0.023 51 NE 
Eccentricity  2.55 2.65 0.03 0.018 23 NE 
Average major axis fleck length (mm) 1.89 1.86 0.17 0.522 21 0.994 
Average minor axis fleck length (mm) 0.79 0.74 0.06 0.018 30 0.989 
Mean x-coordinate -8.2 -10.3 5.3 0.785 18 NE 
Mean y-coordinate -17.5 -17.8 12.0 0.898 18 0.992 
Average orientation -9.96 -4.86 2.24 0.093 63 NE 
a Marbling parameters as described in Table 1.  
b Elliptical irregularity = proportion of fleck pixels with centres outside the best fitting ellipse (log-transformed with back-transformed means 
presented).  
c NE = correlation between neighboring slices not estimable because insufficient evidence that it is less than 1. 
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Table 5. Correlations between marbling fleck parameters.a 
PARAMETER EMA IMF # Flecks 
Fleck 
area 
Ellip 
irreg 
Eccen 
Major 
axis 
Minor 
axis 
X- coord Y-coord 
EMA (cm2, image)           
IMF (%, image) 0.01          
Number of 
flecks/cm2 
0.05 0.88*         
Average fleck area 
(mm2) 
-0.02 0.59* 0.16        
Elliptical irregularity 
(%) 
-0.49* -0.72* -0.85* -0.10       
Eccentricity -0.35 -0.82* -0.79* -0.37 0.87*      
Major axis fleck 
average length (mm) 
-0.19 -0.02 -0.39 0.69* 0.41 0.22     
Minor axis fleck 
average length (mm) 
-0.02 0.58* 0.20 0.93* -0.16 -0.41 0.76*    
Mean x-coordinate -0.01 -0.03 0.09 -0.14 -0.05 -0.01 -0.04 -0.04   
Mean y-coordinate -0.38 -0.13 -0.17 -0.01 0.28 0.19 0.11 -0.03 -0.48*  
Average orientation -0.08 -0.10 -0.17 0.17 0.16 0.37 0.32 0.17 0.12 0.14 
a Residual correlations between animal means after adjustment for vitamin A treatment effects for marbling fleck parameters in Table 1 based 
on 25 slices per animal. *Correlations based on measurements from all animals with |r| > 0.45 are considered significant (P < 0.05). 
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Table 6. Effects of vitamin A on fat cellularity: adipocyte means. 
Parametera A- A+ SE (±) P-value 
Subcutaneous fat cell number 
(collagenase) (# cells x 106/g fat) 
6.95       6.58      0.56     0.648 
Subcutaneous fat cell diameter 
(collagenase) (μm) 
52.79      54.72        3.12       0.667 
Subcutaneous fat cell area 
(collagenase) (μm2)b 
2248 2431 740 0.939 
IMF cell number (collagenase) 
(# cells x 106/g fat) 
7.44     7.52      0.56      0.786 
IMF cell diameter (collagenase) 
(μm) 
40.18      41.20        2.62       0.921 
IMF cell area (collagenase) (μm2)b 1290.70       1403.80       179.12       0.661 
IMF cell number (image)  
(# cells/mm2) 
148.09        145.79         5.59       0.774 
IMF cell area (image) (μm2) 1209.6 1240.1 31.3 0.332 
Cell number per IMF fleck 
(image) 
857.66 745.84 35.14 0.037 
a Collagenase = measurements of cell parameters liberated by collagenase method with cell areas 
estimated from diameter, image = measurements obtained from image using video analysis computer 
program. 
b Calculated from cell diameter and assuming cell shape is circular so area = r2 
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Figure 1. Steps in image processing. (A) Original RGB image; (B) Grey scale; (C) Flattened image;  
(D) Thresholded image. 
 
 
ACCEPTED MANUSCRIPT
AC
CE
PTE
D M
AN
US
CR
IPT
 
 
Figure 2. Distribution of subcutaneous adipocyte cell sizes. Diameter classes = 10 μm intervals. Black bars: A- (vitamin A restricted diet); 
Grey bars: A+ (vitamin A supplemented diet). A total of 100 cells were measured per animal. 
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Figure 3. Distribution of intramuscular adipocyte cell sizes. Diameter classes = 10 μm intervals. Black bars: A- (vitamin A restricted diet); 
Grey bars: A+ (vitamin A supplemented diet). A total of 100 cells were measured per animal. 
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Highlights 
 Limiting the amount of vitamin A in the diet of cattle increases the amount of marbling fat by hyperplasia rather than hypertrophy. 
 Vitamin A specifically affects intramuscular fat rather than subcutaneous fat deposition. 
 Less vitamin A in the diet increases the number and size of the marbling flecks. 
 Less vitamin A in the diet also alters the shape of the marbling flecks, such that they are more round and less branched. 
 Vitamin A does not alter the location of the marbling flecks within the steak though. 
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